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ConformityState of the art packaging for implantable devices usesmetal or glass housings that are reliable but limited from a
miniaturisation viewpoint as well as cost-intensive. We suggest a hermetic and biocompatible thin ﬁlm packag-
ing based on alternating organic/inorganic coatings for further miniaturisation of smart implantable MEMS de-
vices that can be applied for long-term implantation. The combination of high intrinsic molecular density
silicon oxide (SiOx) and pinhole-free and stress releasing poly-para-xylylene (parylene-C) thin ﬁlms creates a
new composite material, which is optimal for hermetic and biocompatible packaging. A novel single-chamber
thin ﬁlm deposition process was developed for the fabrication of SiOx/parylene thin ﬁlm multilayer structures,
using a modiﬁed chemical vapour deposition (CVD) process. According to permeation and conformity aspects,
the inorganic layer is the crucial layer of the coating. Permeationmeasurements the highly ceramic SiOx material
revealed a low helium gas permeation and a non-critical cracking thickness up to 300 nm. Themorphology of the
multilayer structure was analysed by scanning electronmicroscopy; an algorithm for deﬁning ideal layer confor-
mity was established and no local thickness deﬁciencies of deposited SiOx layers could be observed. To evaluate
the corrosion protection, an adapted calciummirror test based on water droplet permeation was developed, and
the water permeation of conventional parylene-C layers (4.5 μm)was compared to multilayer stacks composed
of 3 SiOx interlayers (4.7 μm).
In this paper, it could be shown that by tailoring the thickness ratio between the involved layers, the percolative
pathway and thereby, the permeation for directwater exposure could be considerably reduced compared to con-
ventional parylene-C single layers with the same thickness.
© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/3.0/).1. Introduction
Conventional biomedical long-term implants use metal and glass
packaging to protect the human body from potentially non-
biocompatible materials and on the other side, to protect the device
from body ﬂuids which can lead to its failure. For many biomedical
implants, titanium is the material of choice due to its high biocom-
patibility and its mechanical properties [1]. Cardiac pacemakers for
example, are usually packaged into welded titanium jackets. If im-
plants have to communicate with an external reading unit, glass ma-
terials like Pyrex or Boroﬂoat are used because of their RF
transparency [2]. In addition, these materials have really low water
vapour transmission rates (WVTRs). For metals and glasses, WVTRse, Eplatures-Grise 17, 2300 La-
x: +41 32 930 29 30.
. This is an open access article underof around 1 × 10−10 and 1 × 10−6 g mm m−2 day−1 respectively,
were measured compared to polymeric materials which are in the
range between 10 and 1 × 10−3 g mm m−2 day−1 [3]. Conventional
encapsulation methods using metal and glass jackets generate large
unused cavities between the enclosed MEMS device and the housing
walls as shown in Fig. 1a. This condition limits the miniaturisation
potential of the conventional encapsulation methods. In order to re-
duce these unused cavities, a conformal multilayer barrier structure
in the μm-range as shown in Fig. 1b was developed. This barrier layer
is able to coat the entire implant by a hermetic thin ﬁlm [4].
In order to perform a conformal overgrowth on complex three-
dimensional structures, plasma enhanced and standard chemical va-
pour deposition (PECVD, CVD resp.) processes were chosen to guar-
antee an uniform coating. For the creation of close-to-ideal tight thin
ﬁlm barriers, polymeric and ceramic materials were combined to
form conformal multilayer barrier structures. The well-known poly-
mer parylene-C was chosen due to its nearly stress-free depositionthe CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
Fig. 1. Illustration of a conventional package using surrounding glass ormetal jackets (a). A
considerable decrease in packaging volume can be achieved by the novel thin-ﬁlm layer
encapsulation method for biomedical devices (b).
Fig. 2. A stack of polymeric pin-hole-free layers which exhibits a high permeation at mo-
lecular level combined with low-permeation but pin-hole affected layers leads to an in-
creased effective percolative diffusion pathway.
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properties and high step-coverage [5]. However, the gap between
the polymeric chains of parylene-C still allows a certain diffusion of
atoms andmolecules through the layer. In order to reduce this disad-
vantage, ceramic silicon oxide (SiOx) layers are incorporated into the
barrier ﬁlm. Silicon oxide thin ﬁlms are tight at the molecular level.
However, they tend to increase internal stress formation of the
multilayers which induces defect sites. If a silicon oxide layer is
deposited on top of an elastic parylene-C layer, this subjacent poly-
meric material will act as a stress releasing layer. In addition, a
stack of polymer and ceramic layers has the potential of combining
the advantages of both materials in that the percolative pathway of
permeates is increased as shown in Fig. 2.
The tight ceramic layer will allow diffusion only through its pinholes
and cracks. Hence, the percolative pathway is signiﬁcantly elongated
compared to a homogenous diffusion that permeates the layer in a di-
rect way.2. Experimental
2.1. Material fabrication
In order to fabricate a multilayer coating composed of parylene-C
and SiOx thin ﬁlms, a combination of a low-pressure chemical vapour
deposition (LPCVD) reactor with a plasma enhanced chemical vapour
deposition (PECVD) process was developed. An automation process
was implemented, to guarantee the reproducibility as well as to control
the key parameters of the different alternated depositions. Due to the
high stability of process parameters by means of the automated deposi-
tion process, important properties of the protective barrier stack such as
a conformal and uniform coating at low deposition temperature
(b50 °C) could be achieved.
The deposition of parylene C was made by the use of a modiﬁed
parylene coater (Comelec SA). Based on a conventional Gorham pro-
cess [6], the parylene-C precursor is vaporised at a temperature of
around 130 °C, decomposed to a monomer in the pyrolysis chamber
at 650 °C and polymerised on the sample, placed into the deposition
chamber at a total pressure of around 7 × 10−2 mbar. These process
parameters were selected to obtain highly conformal and pinhole-
free parylene layers [7]. The precursor dichloro[2.2]paracyclophane
dimer (Galxyl C, Galentis Srl) also known as parylene-C was used
[8].
To reduce the permeation of parylene based barrier coatings, an
inorganic material consisting of SiOx was chosen as the interlayer
due to its high molecular density at low deposition temperatures
and its reliable deposition technology [9,10]. The SiOx thin-ﬁlm
layers are obtained by the dissociation of a hexamethyldisiloxane
(HMDSO) precursor and additional oxygen gas molecules using an
in-situ capacitively-coupled high-frequency plasma at 13.56 MHz.
The SiOx material, resulting from the binding of decomposed ions
and radicals onto the substrate surface, is strongly dependent on
the concentration of injected oxygen and HMDSO precursors into
the deposition chamber. Moreover, the material composition de-
pends on the residual gas pressure and the substrate temperature.
In particular, the oxygen content of the SiOx layer can be adjusted
by variation of the O2/HMDSO ratio. The O2/HMDSO ratio allows a
smooth adjustment of the barrier layer composition from purely in-
organic, ceramic properties (SiO2) with a maximum density, to
layers having more polymer-like properties (SiOx). This can be ex-
plained by the presence of organic groups mostly coming from the
HMDSO precursor that are incorporated into the tetrahedral SiO2
structure creating a reduced material density (for x b 2). The advan-
tage of a purely ceramic SiO2 composition is its hermeticity due to the
highmolecular density. However, these ceramic layers increase internal
stress in the multilayer which might create cracks and pinholes within
the deposited layer and thus, reduce hermeticity. The goal of the
PECVD process optimization for SiOx deposition is to reach the right bal-
ance between density/hermeticity and stiffness/internal stress of the
SiOx multilayer [11]. In this study, the barrier permeability in function
of the layer thicknesses for a constant O2/HMDSO ratio of 10 was inves-
tigated. This ratio showed in a prior investigation the optimal trade-off
between stress formation and permeation to stack up the multilayer
barriers [4].
To combine the parylene-C and the SiOx layers in a multilayer, the
process gases are injected into a single deposition chamber through au-
tomated valves which are alternatively opened or closed. In this study,
1 μm thick parylene-C layers were used, which correspond to a deposi-
tion time of 12 min. For the SiOx barrier interlayers, the thicknesses of
the deposited thin ﬁlms were approximately 240 nm, obtained by a
5 min deposition time, an O2/HMDSO ﬂow rate that corresponds to a
total chamber pressure of 14 × 10−2 mbar (3 × 10−2 mbar residual
gas pressure), and a RF plasma power of 50W. As a result, the chemical
states present in the layer composition are dominated by the tetragonal
binding conﬁguration (≈70%)which can be considered as close to ideal
Fig. 3. Experimental set-up for the characterization of He-gas permeation containing a gas
supply (He), vacuum pumps, pressure sensors, a mass-spectrometer with an electron
multiplier, and a sample holder.
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the substrate, an argon plasma was applied before the deposition
(5 sccm Ar ﬂow rate, 1 min, RF power 50 W). Moreover, as parylene
tends to adhere poorly to materials with smooth or non-porous sur-
faces, an argon plasma at 50 W for 35 s (5 sccm ﬂow rate) was used
to activate the surface of the SiOx layers prior to the deposition of a sub-
sequent parylene layer.
2.2. Characterisation
2.2.1. Morphology
For the analysis of the qualitative layer thickness, the homogeneity,
and the micro-structural morphology, a dual beam station (Zeiss
NVision 40 CrossBeam) including a scanning electron microscope
(SEM)with a combined focused ion beam (FIB) was used. A rectangular
section was ablated into the deposited multilayer by a Gallium FIB. The
side walls of the milled area were studied using the integrated SEM.
2.2.2. SiOx material composition
The quantitative chemical composition analysis of SiOx layers was
performed by Fourier transform infrared spectroscopy (FTIR) with a
Scimilar FTS 2000 spectrometer equipped with a deuterated triglycine
sulphate (DTGS) detector in transmission mode. Characterization of
layers was investigated on potassium bromide (KBr) discs. The spectra
were acquired from 4000 cm−1 to 400 cm−1 with a resolution of
4 cm−1 and a repetition of 100 scans. Themeasurement of thematerial
compositionwas analysed by the detection of vibrationalmodes related
to the presence of its speciﬁc functional groups.
2.2.3. Layer hermeticity measurement at helium gas exposure
The characterisation of the SiOx barrier hermeticity was investigated
by the use of a helium (He) leak test measurement [4]. The test method
is based on coated membranes composed of a deposited SiOx layer on
top of a self-supporting 75 μm polyvinylchloride (PVC) ﬁlm carrier
(Nitto 224, Permapack). The coated membranes were inserted into a
vacuum system and an adjustable helium gas pressure was applied on
one side of the membrane. As soon as a He pressure gradient is
established across the membrane, the partial pressure in the test cell
is increasing and quantiﬁed by the use of amass spectrometer equipped
with an additional electron multiplier on the other side of the mem-
brane as depicted in Fig. 3. A He background noise of the test setup of
1 × 10−11 mbar was measured.
2.2.4. Layer hermeticity measurement at liquid exposure
The measurement of the liquid water permeation is one of the most
important indicators to characterise the barrier layer tightness com-
pared to standard gas WVTR measurements [12]. By a direct liquidFig. 4. FIB cut-out (a) and cross-section SEM microgcontact of water, additional transport mechanisms such as capillarity,
swelling and electro-osmotic pressure have to be taken into account.
For this reason, an adapted calcium mirror test was applied in order to
analyse the liquid water transmission. The principle of this test method
is the high reactivity of calcium with water. If water will be in contact
with calcium, it reacts instantly and forms calciumhydroxide by the fol-
lowing chemical equation:
Caþ 2H2O→Ca OHð Þ2 þ H2: ð1Þ
The water will degrade the metallic calcium into transparent calci-
um hydroxide which can be analysed visually.
For this measurement, a 200 nm thick calcium layer was deposited
onto a glass substrate carrier. Three calcium test sampleswere protected
by a multilayer (4.7 μm) composed of four 1 μm thick parylene-C layers
and three 240nmthick SiOx interlayers. As reference, three calciummir-
rors were coated with a pure 4.5 μm thick parylene-C layer.
Using these protected calciummirrors, 3 water droplets with a sodi-
um chloride solution of 1 g/l, 9 g/l and 20 g/l and 1 droplet of purewater
were placed on top of each sample as shown in Fig. 7a. The corrosion
progression of the test samples was recorded by a photo camera and a
picture of the actual state was saved every 30 s. Due to evaporation of
the liquid, the water droplets were renewed every two hours.
3. Results and discussion
3.1. Multilayer morphology
The focused ion beam ablation of a multilayer stack is shown in
Fig. 4a. The cross-section area was afterwards analysed by a scanning
electron microscope as depicted in Fig. 4b.
The investigation reveals conformal layer thicknesses of around
1 μm for the parylene-C layers and 240 nm for the SiOx layers. Theraphs (b) of a parylene-C/SiOx multilayer stack.
127A. Hogg et al. / Surface & Coatings Technology 255 (2014) 124–129homogenous greyscale of the layer bulk is an indicator of an uniform
material composition.
3.2. SiOx layer composition
Homogeneity and chemical characteristics of SiOx material based on
the presented PECVD process with a O2/HMDSO ﬂux ratio of 10 were
analysed by FTIR spectroscopy.
Fig. 5 shows the three typical peaks at 1050 cm−1, 800 cm−1, and
440 cm−1 which are assigned to Si\O\Si asymmetrical stretching,
rocking and bending vibration modes, respectively. This characteristic
is attributed to a high oxygen concentration during the deposition and
can be assigned to an oxygen content of about 70% in the multilayer
SiOx thin ﬁlm [13] close to pure SiO2 compounds. The non-pure ceramic
material is conﬁrmed by the broad band at around 3200–3600 cm−1
assigned to Si\OH stretching attributed to silanol groups. The presence
of these chemical groups is interpreted as inherent partial HMDSO dis-
sociation, alongwith reactions of formed Si dangling bondswith ionised
molecules. The peaks at around 2330 cm−1 are attributed to CO2 air ab-
sorption and are not relevant.
3.3. Helium hermeticity of SiOx layers
Optimization of the multilayer packaging strongly depends on the
properties of the much denser SiOx inorganic layer. Regarding the
hermeticity, the SiOx is the material which has the higher density com-
pared to polymers, but tends to create pinholes andmicroscopic defects
during the PECVD due to the internal stress formation. The layer thick-
ness can be increased until a critical cracking thickness (CCT) is
achieved. From this thickness onward, the diffusion barrier is less efﬁ-
cient. Looking at the percolative pathway model in Fig. 2, the latter ef-
fect leads to a reduction of the total percolation length. Moreover, the
internal stress increases the risk of failure due to mechanical impacts
by handling or external liquid environments (e.g. immersion into
water). In terms of adhesion, the internal stress of the SiOx thin ﬁlm
can lead to the delamination of the barrier stack. Concerning the confor-
mity, the SiOx inorganic layer is less conformal due to the directionality
of the PECVD process. Therefore, a deposition pressure has to be chosen
in order to minimise the plasma sheath length that spaces out the
ionised atoms or molecules from the surface topology. Thus, for a con-
formal layer formation, the right balance between the deposition pres-
sure and an efﬁcient ionic bombardment for higher ﬁlm density has to
be found relative to the implantmorphology. On the other hand, the in-
ternal stress of the inorganic layer is increased by the local geometric
device complexity such as edges with negative slope or peak effects.
In order to have a possible adaptation of the inorganic layer depend-
ing on applications, the helium permeation through membranes com-
posed of a SiOx ﬁlm on a PVC substrate as a function of its layer
thickness was investigated as shown in Fig. 6.400 900 1400 1900 2400 2900 3400 3900
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Fig. 5. Typical FTIR spectrum of SiOx layers obtained by PECVD using an O2/HMDSO ﬂow
rate of 10 with the three typical peaks at 1050 cm−1, 800 cm−1, and 440 cm−1. The
peaks are associated to Si\O\Si asymmetrical stretching, rocking and bending vibration
modes respectively.TheHe-gas permeationwasmeasured using the set-up illustrated in
Fig. 3. For anO2/HMDSO ratio of 10, an on-going island growth at the be-
ginning of the PECVD could be observed. After theﬁrst 10 nm, the nucle-
ation phase ends in a continuous SiOx layer growth where the barrier
hermeticity of the SiOx layer decreases continuously up to 300 nm.
The decrease of helium permeation shows that the defect surface of
SiOx layer decreases as a function of its thickness. Thus, for a multilayer
stack the total percolation pathway will be increased up to the CCT of
300 nm.3.4. Water permeation of multilayer barriers
Fig. 7b shows the degradation progress of parylene-C coated samples
after 5 h,where the diameter of corroded calciumcorrelates to the droplet
diameter. After 8 h, an entire corrosion of the parylene-C coated test mir-
rors could be observed, in contrast to the multilayer coated calcium mir-
rors, whichwere still unaffected (Fig. 7c). In addition, no visible inﬂuence
of the sodium chloride concentration on water permeation could be ob-
served. The water droplet test showed the lowwater permeation of mul-
tilayer barriers compared to conventional parylene-C layers. Additional
water vapour transmission tests revealed a WVTR for these 4.7 μm thick
multilayer stacks (3 SiOx interlayers) of 1 × 10−2 g μmm−2 day−1 com-
pared to theWVTRof 83 g μmm−2 day−1 of conventional parylene-C sin-
gle-layer barriers [4,14].3.5. Multilayer conformity
In order to achieve an optimal hermeticity by multilayer packaging,
the question of conformity of the tightness-crucial SiOx layer arises. It is
well known that parylene layers exhibit a close to perfect conformity. As
it was shown in Fig. 6, the SiOx permeation is related to its thickness.
Therefore the total barrier hermeticity is strongly depending on the
SiOx thickness. For this reason, an algorithm for deﬁning ideal layer con-
formity and detection of local thickness deﬁciencies in comparison to
the experimental results was developed.
In the schematic sketch shown in Fig. 8, the green curves represent
the lower and upper boundaries of an arbitrary thin ﬁlm cross-section
that is deposited over a curved (rough) substrate. At any point of the
lower boundary of the thin ﬁlm, the perpendicular is constructed and
its endpoint at the thickness l is determined. The envelope (upper
dashed red curve) represents the upper boundary of an ideal conformal
packaging layerwithout deﬁciency in thickness. For those points, where
the calculated envelope is above the upper green line, the thin ﬁlm has
deﬁciencies in thickness; hence it is non-conformal.Fig. 6. Helium permeation of SiOx ﬁlms on PVC substrates carried out by the permeation
test set-up. For an O2/HMDSO ﬂow ratio of 10, a continuous decrease of SiOx permeation
related to its thickness could be observed.
Fig. 7. Calciummirror test: a) three encapsulated samples by pure 4.5 μm thick parylene-C
(left side) are compared to 4.7 μm thickmultilayer stack (3 SiOx interlayers)-packaged Ca
mirrors (right side). b) After 5 h ofwater exposure, the parylene-C packaged layers exhibit
corrosion of the size of thewater droplet. c) After 8 h the parylene-C layers are completely
corroded, whereas the multilayer packaged layers were still unaffected.
128 A. Hogg et al. / Surface & Coatings Technology 255 (2014) 124–129The coordinates u0 and g(uo) of the envelope of an ideal layer can be
calculated from the coordinates x0 and f(xo) of the lower boundary of a
thin ﬁlm as follows:
x→u and f xð Þ→g uð Þ
u0 ¼ x0 þ
l

ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1þ tan2 αð Þ
q ¼ x0−
l

ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1þ f 0 x0ð Þ
 −2q
ð2ÞFig. 8. Schematic illustration of the algorithm application on a non-conformal layer (green
curves) for deﬁning its ideal conformal layer (dashed red curve) for packaging purposes.
The ideal conform curve with the distance l to the lower green curve can be achieved by
a coordination transformation from f(x0) and x0 to g(u0) and u0 which allows for the cal-
culation of the conformity deviation.g u0ð Þ ¼ f x0ð Þ þ
l  tan αð Þ

ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1þ tan2 αð Þ
q ¼ f x0ð Þ−
l
f 0 x0ð Þ  ð
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1þ f 0 x0ð Þð Þ−2
q
ð3Þ
where l is conformal thickness of the thin ﬁlm, α is the angle between
the normal n(xo) and the x-axis, and f′ (xo) is the derivative of f(xo).
Themorphology-analysis of the SiOx layers (showed in Fig. 4b) using
the described algorithm, is represented by Fig. 9. Therefore, the lower
and upper interface curves were extracted from Fig. 4b by the use of a
grey scale analysis with the ImageJ™ software tool. The illustration
shows the averaged and smoothed upper and lower borderlines
(blue) of the 240 nm thin SiOx ﬁlm between two parylene layers of
0.92 μm and 1.10 μm thicknesses. These curves are considered to be ob-
tained experimentally. The overlaid red curve was constructed by the
use of the conformity algorithm (l = 240 nm) applied on the lower
blue curve. Thus, the normal distance between the red and the lower
blue curve is constantly 240 nm. The constructed red curve was com-
pared to the measured upper blue curve and it may be concluded that
the SiOx layer grows conformally within the acquisition noise coming
from the SEM and the image treatment (grey dashed zone). Hence,
the layer can be considered to be conformal and therefore, will not
lead to failure of the package due to a local deﬁciency of thickness.
In summary, it can be concluded that for a pre-set level surface
curvature of limited slopes of 12°, conformal coating is adequately
achieved by using a PECVD composed of HMDSO and oxygen at a pres-
sure of 14 × 10−2 mbar and compares well with an ideal constant thick-
ness coating.. However, if vertical slope featuresmust be packaged, special
care has to be taken into account as shown in [15]. It is well known that
for higher pressures in PECVD processes, more collisions of the radicals
in the discharge gap reduce the directionality of the deposition. Thus,
the conformity will be improved by an increase of the total pressure.
4. Conclusion
In this paper, investigations of multilayered stacks for biomedical
packaging were presented. These layers were deposited in a single-
chamber process, combining CVD and PECVD technologies. Due to the
high stability of process parameters by means of the automated deposi-
tion system, a conformal and uniform coating at ambient temperature
for smart medical implants could be achieved.Fig. 9. Plot of the smoothed lower and upper border lines of the SiOx thin ﬁlm of Fig. 4b
(blue curves) including acquisition noise of the SEM and image treatment (grey dashed
zone). The red curve was obtained by the algorithm applied on the lower curve. The red
curve is within the acquisition noise of the upper border of the SiOx thin ﬁlm, hence the
layer can be considered as conformal.
129A. Hogg et al. / Surface & Coatings Technology 255 (2014) 124–129In this study, it could be further shown that by variation of the SiOx
layer thickness, looking at its helium permeation, the barrier stack can
be customised depending on the application.
The application of multilayers on medical devices (rough surfaces,
vertical features, negative slopes) must be carefully evaluated for
the different cases. It was shown that by using a total pressure of
14 × 10−2 mbar (O2 + HMDSO), a highly conformal layer deposition
over at least 12° inclined features could be achieved.
The permeation study was extended from the standard water va-
pour transmission test [4] to direct water exposure. The adapted calci-
um mirror test revealed that using parylene-C layers containing three
SiOx interlayers leads to a considerably lower liquid water permeation
as compared to pure parylene layers having the same thicknesses.
The insight on the effects of percolative pathway-increase that was
gained on a three SiOx/parylene-study can be extended to a higher de-
gree of stacking with the potential to further reduce permeation.
In summary, a highly hermetic and conformal packaging for medical
devices was developed by the use of a novel single-chamber thin-ﬁlm
deposition process.
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